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Abstract 
 

The major obstacle to the widespread use of umbilical cord blood (UCB) in hematopoietic stem 

(HSC) cell therapy is the low cell dose available, which often leads to graft failure. The engrafting 

capability of a UCB unit can be enhanced by ex-vivo expansion by a rational combination of many 

factors such as initial stem/progenitor cell enrichments and oxygen tension, culture duration, 

cytokine cocktails, blocking in vitro differentiation of early progenitor cells and co-culture with 

stromal feeder layers. Interactions of vascular/stromal cells with HSCs are known to be of great 

importance for their maintenance, thus making stromal cells ideal to mimic HSCs adult niche – 

the bone marrow (BM) – in in vitro conditions. With the objective of expanding Mesenchymal 

Stem/Stromal Cells (MSCs) on a xenogeneic (xeno)-free manner, chemically defined medium 

(StemPro®), and Human platelet lysate (HPL)-supplemented media were used to expand BM 

MSCs. HPL-supplemented media was able to expand and establish BM MSC-derived feeder-

layers capable of supporting HSC expansion, indicative that HSC/MSC co-culture can be done in 

a fully xeno-free manner throughout all steps of the process. To surpass availability issues 

associated with BM MSCs, HPL-supplemented media was also able to expand MSCs from 

alternative sources, usually regarded as biological waste, such as adipose tissue (AT) and 

umbilical cord matrix (UCM), and establish functional feeder layers. Additionally, a two-level face-

centred cube design (FC-CD) approach was used for the optimization of a cytokine cocktail to 

supplement StemSpan SFEM II expansion medium, in the presence or absence of MSC-derived 

stromal feeder layers.  
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Resumo 
 

O maior obstáculo para o uso generalizado de sangue do cordão umbilical (UCB) em terapia com 

células estaminais hematopoiéticas (HSCs) é baixa dose de células disponível, o que muitas 

vezes leva à falência do enxerto. A capacidade de enxerto de uma unidade de UCB pode ser 

reforçada por expansão ex-vivo por uma combinação racional de vários factores, tais como a 

tensão de oxigénio, duração da cultura, cocktails de citocinas e co-cultura com células 

mesenquimais. As interações de células mesenquimais/estromais com HSCs são conhecidos 

por ser de grande importância para a sua manutenção, essas células ideais para aumentar os 

números de HSCs em laboratório. Com o objetivo de expandir MSCs da medula óssea de uma 

maneira livre de xenogeneicos, meio quimicamente definido (StemPro®) e meio suplementado 

com lisado plaquetário humano (HPL) foram usados para expandir MSCs. Meio suplementado 

com HPL foi capaz de expandir e estabelecer camadas aderentes de MSCs capazes de suportar 

a expansão HSCs, indicativo de que a co-cultura de HSC/MSC pode ser feito de uma forma 

totalmente xeno livre em todas as etapas do processo. Para superar problemas de 

disponibilidade associados com MSCs provenientes da medula óssea, meio suplementado com 

HPL também foi usado para expandir MSCs a partir de fontes alternativas, tais como tecido 

adiposo (AT) e da matriz do cordão umbilical (UCM). Além disso, um design experimental 

baseado num face-centred cube design (FC-CD) foi utilizado para a otimização de um cocktail 

de citoquinas para suplementar o meio de expansão StemSpan SFEM II, na presença ou 

ausência de MSCs.  
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I. Aim of Studies 
 

This thesis aims at the optimization of a serum-free hematopoietic stem cells (HSC)/ 

mesenchymal stem/stromal cells (MSC) co-culture system towards the maximization of umbilical 

cord blood (UCB) hematopoietic stem/progenitor cell expansion for the improvement of their 

therapeutic potential in treating hematological malignancies. Cell culture was mainly performed 

under static conditions to provide important insights towards the translation of HSC/MSC co-

culture system to a scalable bioreactor system, in order to allow clinical-scale production for HSC 

transplantation. 

In Chapter IV, laboratory work focused on expanding MSC for establishing stromal feeder layers 

on a GMP-compliant fashion was performed by using several commercially available xeno-free 

expansion media for MSC, and analyse how these xeno-free populations of MSC supported the 

ex-vivo expansion of UCB HSC when compared with MSC expanded in serum containing media. 

Additionally, umbilical cord matrix (UCM) and adipose tissue (AT), which are alternative sources 

for MSCs, were also explored as possible tissues for establishing stromal feeder layers. 

Chapter V tackles a critical parameter in ex-vivo expansion HSCs, which is the cytokine cocktail 

used to supplement the expansion medium. Previously at SCBL, an FC-CD experimental design 

was followed to optimize the cytokine concentration in QBSF-60 medium. However, high 

degradation of glutamine, high levels of megakaryocytic differentiation and low expansion in the 

absence of stroma, lead to the necessity of using other HSC expansion medium. StemSpan 

SFEM II is a defined serum-free media which can be supplemented with several different cytokine 

cocktails to achieve different outcomes, with high levels of expansion. Specifically, to unveil the 

role of stromal feeder layers on cytokine cocktails, a face-centred cube design (FC-CD) of 

experiments was performed to access the optimal cytokine concentration in the presence and 

absence of stroma, for the expansion of CD34+ cells using this media. 
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II. Introduction 

II.1 Brief History 

Hematopoietic Stem Cells (HSCs) are the most extensively studied cells in stem cell biology and 

medicine. The earliest evidence of a cell responsible for the generation of blood cells, from 

embryogenesis to adulthood, dates back to 1945. Experiments with adult cattle fraternal twins 

(i.e. originated from two different zygotes, but sharing the same placenta) found that individuals 

had blood cells with different origins, that origin being their twin, suggesting that cells interchanged 

during embryonic/fetal development were able to persist and continuously provide a source of 

blood cells different from those of the host throughout the life of an individual.4 The years that 

followed saw a boom in hematopoietic studies, such as the Nobel prize-winning studies of 

Medawar on acquired immune tolerance upon hematopoietic cell infusions in fetal and neonatal 

mice,5 and the birth of hematopoietic cell transplantation to revert radiation-driven hematopoietic 

failure6,7. In 1961, seminal work by Till and McCulloch showed that: i) hematopoiesis could be 

studied as a quantitative science; ii) clonal hematopoietic cells in the bone marrow could give rise 

to mixed myeloerythroid progeny (i.e. granulocytes, macrophages, erythrocytes, 

megakaryocytes); iii) the cells responsible for that progeny could self-renew; iv) cells from the 

lymphoid system (i.e. Thymus, lymph nodes and spleen) had a common link with myeloerythroid 

cells.8–12 These results ultimately suggested the existence of a common cell that could give rise 

to all cell types present in the blood system. 

II.2. Bone Marrow Niche 

The hematopoietic stem cell niche commonly refers to the pairing of hematopoietic, 

mesenchymal, and vascular cell populations that regulate HSC self-renewal, differentiation, and 

proliferation. The first suggestion that a given biologic microenvironment could influence HSCs 

fate appeared in 1970. Wolf and Trentin placed an explant of irradiated bone marrow stroma into 

the spleen of irradiated, and marrow-injected mice, where myelomonocytic colonies appeared in 

the ectopic marrow, while the surrounding spleen tissue contained mainly erythroid colonies. Most 

interestingly, at the spleen-marrow interface, individual colonies were simultaneously 

myelomonocytic on the bone side and erythroid on the spleen side.13 
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II.2.1 Endosteal Region 

 
In adults, HSCs and their primitive progeny are located within the Bone Marrow (BM), 

contiguously to the endosteal surface of trabecular bone (Figure 1)14. 

Manipulation of osteoblast numbers correlates with HSC counts in the bone marrow, indicating 

that osteoblast cells play a critical role in the maintenance of the bone marrow niche. For instance, 

increased numbers of N-cadherin+ CD45– spindle-shaped osteoblasts (SNO) lead to higher HSC 

numbers, without changes in the committed progenitor populations.  Consistently, deletion of 

osteoblast cells in transgenic mice caused the loss of lymphoid, erythroid, and myeloid 

progenitors in the bone marrow followed by HSC depletion.  During these events, peripheral HSCs 

increase, and active extramedullary hematopoiesis takes place in the spleen and liver.15 This not 

only demonstrates SNOs critical role in the bone marrow niche, but also constitutes evidence that 

other HSC niches exist.   

Figure 2 - SNO-HSC signalling in the bone marrow endosteal niche. Purple: Promotes stem cell 

differentiation; Blue: Maintains HSC immaturity. Hofmeister et al. Ex-vivo expansion of umbilical cord blood 

stem cells for transplantation: growing knowledge from the hematopoietic niche. Bone Marrow Transplant. 

39, 11–23 (2007). 

Figure 1 - Schematic diagram of hematopoietic and niche cellular components in the bone marrow. 
Moore & Lemischka. Stem cells and their niches. Science 311, 1880–1885 (2006). 
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Osteoblasts have been proposed to support HSC function by forming direct interactions via N-

cadherin–mediated adhesion (Figure 2), 16,17 although this idea has been highly controversial.  

Functional studies using conditional knockout of N-cadherin (Cdh2) in hematopoietic and stromal 

cells18 and osteoblasts19 have not revealed any change in HSC numbers, although 

overexpression of N-cadherin has been reported to alter HSC numbers.20  Activated osteoblasts 

can produce osteopontin, which limits HSC expansion,21 as well as angiopoietin-1 and 

thrombopoietin, which bind the Tie2 and MPL receptors, respectively, and contribute to HSC 

quiescence.22–24 

II.2.2 Perivascular Regions and Mesenchymal Stem/Progenitor Cells 

Although it has been suggested that the endosteal region is enriched in HSCs, their distribution 

may not be as narrow as initially suggested.25  After transplantation in irradiated mice, HSCs 

preferentially home to the endosteal surfaces of the trabecular bone region, but randomly 

distribute in non-irradiated recipients.26,27 HSCs undergo expansion after bone marrow damage 

in the endosteal region where osteoblasts and blood vessels are in close proximity.26,27 Lethal 

irradiation is known to disrupt the sinusoidal network, which may account for the relocalization of 

HSCs to the endosteum.28 Since the endosteum is vascularized with arteriolar vessels that are 

more resistant to genotoxic insults, it is likely that vascular niches differentially contribute to bone 

marrow regeneration. 

The bone marrow vasculature is heterogeneous in its expression of molecules that are thought 

to facilitate cell homing, such as E-selectin and SDF-1 (also known as CXCL12)29. Regarding 

vascularization, several studies suggest that microenvironments neighbouring blood vessels may 

constitute an HSC niche. In fact, HSC were reported to be near sinusoidal blood vessels,30 and 

Figure 3 - The adult bone marrow HSC niche. Dormant HSCs are found around arterioles where factors 
such as CXCL12 and SCF secreted by perivascular, endothelial, Schwann, and sympathetic neuronal cells 
promote their maintenance. Less quiescent or activated HSCs are located near sinusoidal niches which are 
likely diverse in their influence for self-renewal, proliferation, and differentiation. Hematopoietic cells such as 
macrophages or megakaryocytes are examples of HSC-derived progeny that can feed back to the niche to 
influence HSC migration or proliferation. GFAP, glial fibrillary acidic protein; TGF-β1, transforming growth 
factor beta-1. Boulais, P. E. & Frenette, P. S. Making sense of hematopoietic stem cell niches. Blood 
125, 2621–2629 (2015). 
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to be generated in vascular areas during embryonic development31–33. Most interestingly, 

extramedullary hematopoiesis occurs in perivascular areas upon hematopoietic stress34.  

Secondly, endothelial cells from the bone marrow express factors that promote hematopoiesis, 

such as granulocyte colony-stimulating factor (G-CSF), granulocyte–macrophage colony-

stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), stem cell factor 

(SCF; also known as KIT ligand), interleukin-6 (IL-6) and FMS-related tyrosine kinase 3 ligand 

(FLT3L; also known as FLK2 ligand).35 Additionally, endothelial cells were shown to express the 

adhesion molecules E-selectin, P-selectin, vascular cell adhesion molecule 1 (VCAM1) and 

intercellular adhesion molecule 1 (ICAM1)36, and were found to enable the transit of HSCs and 

immune cells between the bone marrow and the periphery.37 

Mesenchymal stem/stromal cell (MSCs) activity was described decades ago but the lack of 

unique cell surface markers and the disparity between lineage tracing models and isolation 

methods have hampered their characterization. MSCs wrap around blood vessels and adrenergic 

nerve fibres, both in the central and endosteal bone marrow regions, and they express several 

proteins that regulate HSC maintenance, including SDF-1 (CXCL12), angiopoietin 1 and SCF.29 

Perivascular CD146+ CD45- MSCs provide structural support and interact directly with HSCs.38. 

A subpopulation of CD146+ bone marrow cells is characterized by the expression of the 

cytoplasmic filament protein nestin in mice, which allows the prospective identification of 

perivascular MSCs which are significantly associated with HSCs. These cells are able to form 

clonal spheres that can self-renew, multi-differentiate at the clonal level into the major 

mesenchymal lineages, and generate hematopoietic activity in vivo upon serial transplantation 39. 

In humans, a sub-population of PDGFRα+ CD51+ cells represent a subset of CD146+ cells 

expressing nestin, which can also be cultured as non-adherent mesenspheres that significantly 

expand multipotent hematopoietic progenitors able to engraft immunodeficient mice 40. Deletion 

of nestin+ MSCs leads to a 50% reduction in bone marrow HSC numbers with a proportional 

increase in the spleen HSCs, suggesting that nestin+ MSC are responsible for retaining HSCs in 

the bone marrow niche.39 CXCL12-abundant reticular (CAR) cells are a MSC subpopulation.41 

CAR cells are scattered throughout the bone marrow, secrete factors that support hematopoiesis, 

and are located adjacent to a substantial proportion of phenotypically defined HSCs29. The 

deletion of CAR cells in the adult mouse lead to a decrease in HSC numbers and an increase in 

HSC quiescence42. As the aforementioned nestin+ MSCs also express high levels of CXCL12, 

nestin+ MSCs may represent a functional subtype of CAR cells that are found in the perivascular 

location, but are hypothesized to be participants in HSC regulation29,39. 
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II.2.4 Oxygen Gradient and Functional Zones 

Data suggests that although osteoblasts are determinant for maintaining the bone marrow niche, 

they do not directly contribute to HSC maintenance. Examples of this are the selective deletion 

of critical niche factors in osteoblasts, and recent imaging studies of the bone marrow, that did 

not reveal a significant association between osteoblasts and HSCs.43,44  However, one proposed 

view of the endosteal niche is that was that it might provide a hypoxic environment for maintaining 

HSCs in a quiescent state whereas the vascular niche allows HSCs to proliferate and differentiate 

in an environment in which oxygen is more available.45 

Several stromal cells and progenitor cells physically reside between the HSCs and the closest 

blood vessel, hence, it was postulated that the bone marrow was relatively hypoxic when 

compared to other tissues, as these cells competed for the already scarce nutrient and oxygen 

supply (Figure 4)46. Mathematical models based on animal data supported this hypothesis and 

predicted oxygen tensions to be as low as 1%.47 However, it is now widely accepted that gradients 

of oxygen of 1% in hypoxic niches up to 6% in the sinusoidal cavity exist within the human bone 

marrow.48  

Expectedly, low oxygen tensions in stem cell niches offer a selective advantage, avoiding the 

generation of reactive oxygen species (ROS) typical of aerobic metabolism, which can damage 

DNA.49 By residing in low oxygen tension tissues, HSCs maintain slow-cycling proliferation rates 

while avoiding the oxidative stress associated with more well-oxygenated tissue. In fact, mouse 

embryonic fibroblasts accumulate more mutations and senesce faster when cultured under 20% 

O2 when compared to culture under 3% O2.50 Additionally, hypoxia has been shown to activate 

molecular pathways in multiple stem cell systems that appear to regulate Oct4 and Notch 

signalling, two important regulators of “stemness”.51 Furthermore, small oxygen tensions 

variations were shown to modulate proliferation in human Embryonic Stem Cells (hESC),52 

suggesting that oxygen gradients is also one of the factors controlling proliferation and quiescence 

in stem cell niches. For example, it has been observed that HSCs present in the hypoxic niche 

express higher levels of Notch signalling53, telomerase and cell-cycle inhibitor p21, than cells 

closer to the vasculature.54 Most interestingly, CD34+ cultured in 0.1% O2 were found to revert to 

Figure 4 - Oxygen gradient within the bone marrow niche. Mohyeldin et al. Oxygen in stem cell 
biology: a critical component of the stem cell niche. Cell Stem Cell 7, 150–161 (2010). 
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a G0 quiescent state.55 Consistently, the most slowly cycling hematopoietic cells are found in the 

hypoxic zones close to bone surface and distant from capillaries,56,57 highlighting the importance 

of hypoxic niches in HSC proliferation arrest. In fact, HSCs in aged mice are localized farther from 

the endosteum than in young mice, with the central marrow zone favouring proliferation, 

supporting the existence of two functionally distinct areas in the bone marrow58. This is consistent 

with the increasing number but decreasing function of aged HSCs.59  

The endosteal niche comprises the most primitive HSCs, with superior long-term reconstitution 

potential (LT-HSC). However, LT-HSCs cycle only once every 145 days on average, thus not 

being enough to solely generate billions of blood cells.60 Live-tracking of HSCs showed the 

existence of hematopoietic cell subsets localized to distinct locations according to the stage of 

differentiation, with long-term reconstituting quiescent HSCs associated to endosteal areas, and 

more mitotically active HSCs located closer to the vascular regions of the bone marrow.26 In fact, 

studies suggest that N-cadherin expression is not necessary for bone marrow niche function and 

HSC maintenance18, but rather for distinguishing between reserved/quiescent (higher N-Cadherin 

levels) cells from active/primed (lower N-Cadherin levels).61 Coexistence of quiescent and active 

stem cells in the bone marrow may explain these observations, with active HSCs supporting the 

daily production of blood cells, whereas reserved/quiescent HSCs function as a backup, to 

replenish active stem cells depletion upon hematopoiesis (Figure 5).60–62 

II.3. Human Hematopoietic Lineages 

The hematopoietic system supplies our body with >100 billion mature blood cells every day that 

carry out functions such as oxygen transport, immunity, and tissue remodelling. HSCs, located at 

the top of the hematopoietic hierarchy, are responsible for replenishing our pool of blood cells 

throughout life.45 Only 1 in 106 cells in human BM is a transplantable HSC.63 Thus, one must 

purify HSCs from the bulk of committed cells. Mouse HSCs were first isolated as a lineage-

negative (Lin–), c-Kit+, Sca-1+ (LSK) population64,65. However, mouse studies do not allow 

Figure 5 – Simplified scheme of HSC distribution in the bone marrow. Adapted from: Li et al. Coexistence of 
Quiescent and Active Adult Stem Cells in Mammals. Science 327, 542–545 (2010). 
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straightforward comparison with human HSCs. In fact, human HSCs express FLT3 receptor,66 

while mouse cells do not, and mouse HSCs express CD150 while human cells do not.67  

CD34 marks human HSCs as well as more differentiated progenitors (i.e. all multipotent stem 

cells with gradually decreasing levels of self-renewal). Firstly, CD90 (Thy1) was identified as a 

stem cell marker.68 Thus, CD34+CD90+ define a small cell population with multi-lineage capacity.69 

Further studies introduced CD45RA and CD38 as markers of more differentiated progenitors, 

negatively enriched for HSCs70–72. Thus, human HSCs have been defined as CD34+CD38–

CD90+CD45RA– Lin- (Figure 6).73 Lin–  refers to the negative selection by a cocktail containing 

cell surface markers (e.g. CD2, CD3, CD11b, CD14, CD15, CD16, CD19, CD56, CD123, among 

others) for all terminally differentiated populations (B cell; T cell; NK; dendritic cell, monocyte, 

granulocyte, megakaryocyte, and erythrocyte). However, not all stem cells are covered by these 

combinations that, nonetheless, have become popular. In fact, even in humans, there are HSCs 

that are CD34−/CD38−. The use of the CD133 marker was one step ahead in HSC study as both 

CD34+ and CD34− HSCs were CD133+.74 

II.4. In vitro assays 

A major challenge in hematopoiesis is to conceive assays that give information to experimental 

studies and clinical hematology. Thus, specific assays were developed with the objective of 

studying two basic parameters: cell proliferation (measured by the number of cells produced) and 

differentiation potential (estimated by the number of different lineages represented in its 

progeny).75  

Figure 6 – Classical human hematopoiesis lineages model. HSC: Hematopoietic Stem Cell; MPP: 
Multipotent Progenitor; MLP: Multi-Lymphoid Progenitor; CMP: Common Myeloid Progenitor; GMP: 
Granulocyte-Monocyte Progenitor; MEP: Megakaryocyte-Erythroid Progenitor; Adapted From: Doulatov et 
al. Hematopoiesis: A Human Perspective. Cell Stem Cell 10, 120–136 (2012). 
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Colony forming unit in culture (CFU-C) assays are short-term, semi-solid colony assays, which 

identify and quantify lineage-restricted progenitors in well-standardized conditions. The assay 

immobilizes the progenitor cells (i.e. erythroid, granulocytic, macrophage and megakaryocytic), 

which supports the three-dimensional growth of the hematopoietic colonies while preventing 

migration of the cells so that they remain within a colony. Each type of colony has specific 

characteristics (i.e. composition, size, color, and disposition) that allow identification of the 

differentiation potential of the culture. 

CFU-GEMM (Colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte), also 

described as CFU-Mix, is characterized by colony containing both erythroid (hemoglobinized) 

cells and 20 or more non-erythroid (not hemoglobinized) cells (Figure 7). Typically, this has 

erythroid cells in the centre and non-erythroid cells on the periphery. This is relatively infrequent 

in most cell samples, but tends to be higher in umbilical cord blood and (mobilized) peripheral 

blood samples than in bone marrow. 

CFU-GM (Colony-forming unit-granulocyte, macrophage) is characterized by a colony containing 

more than 20 granulocytes and/or macrophages. It does not appear red or brown (i.e. cells are 

not hemoglobinized). Individual cells can usually be distinguished, in particular at the edge of the 

colony (Figure 8). Large colonies may have one or more dense dark cores. They are generally 

larger in umbilical cord blood samples than in bone marrow or (mobilized) peripheral blood. 

Figure 8 - CFU-GM Colonies. Normal (top) and Large (Bottom) colonies 

Figure 7 - CFU-GEMM colonies. 
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BFU-E (Burst-forming unit-erythroid) is a colony containing more than 200 erythroblasts in single 

or multiple clusters. It appears red or brown as the cells are hemoglobinized, but is difficult to 

distinguish individual cells within each cluster (Figure 9). These are generally larger and have 

more clusters in umbilical cord blood than in bone marrow or (mobilized) peripheral blood 

The Cobblestone-Area Forming Cells (CAFC) is an assay in which a stromal feeder cell layer is 

first allowed to grow to confluency, and then a cell suspension of HSC is seeded on top. Due to 

reproducibility issues, defined stromal cell lines are used for this purpose, such as immortalized 

murine stromal cell lines (i.e. MS-5). Primitive cells present in the inoculated cell sample will 

migrate through the stromal layer and form groups of tightly packed cells. At specific time points 

after initiation of the assay, individual wells are microscopically screened for the presence or 

absence of “cobblestone areas,” which are defined as colonies of five or more small cells that 

grow underneath the stromal layer (Figure 10).  

The one-step CAFC provides a straightforward visual screening, but the assay must be performed 

at limiting dilutions to avoid overlap of cobblestone areas; besides, it gives no information on the 

heterogeneity or long-term multipotency of individual CAFC.  Although standardized short-term 

and long-term colony assays easily quantify lineage-committed myeloid precursors, identification 

of true primitive stem cells which have the long-term ability to repopulate all blood lineages still 

depends on in vivo transplantation assays into an irradiated recipient75,76. 

Figure 9 - BFU-E colonies 

Figure 10 – CAFC colony assay. Cobblestone areas are shown (straight-lined circles) as well as two areas 
with output (phase bright) cells shown in dashed circles. Adapted from:  van Os et al. In vitro assays for 
cobblestone area-forming cells, LTC-IC, and CFU-C. Methods Mol. Biol. Clifton NJ 430, 143–157 (2008). 
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II.5. HSC Transplantation. 

The entire hematopoietic system can be repopulated following infusion of HSCs, meaning their 

transplantation can be used to treat/cure a range of hematological diseases. The use of Bone 

marrow HSCs for human transplantation dates back to the 1950s77 but other sources have many 

characteristics which make them well suited for clinical use as well. Nowadays, more than 30.000 

patients with hematological malignancies every year receive high-dose chemotherapy followed 

by HSC transplantation from Bone marrow, G-CSF mobilized Peripheral Blood (mPB), and 

Umbilical Cord Blood (UCB).73,78 

HSC transplantation faces two major immunological challenges: i) The recipient’s immune system 

may reject the transplant, which leads to graft failure; ii) The occurrence of graft-versus-host 

disease (GvHD), in which T-lymphocytes within the graft attack the recipient’s skin, liver, and 

gastrointestinal tract, causing damage that, if left unchecked, can be fatal.79,80  Although large 

improvements were made over the years in the understanding of the human major 

histocompatibility complex (HLA), which reduced the risks of both graft rejection and GvHD, GvHD 

still poses a serious problem for a well-matched donor and recipient, unless specific 

immunosuppressive agents to block T lymphocyte proliferation are administered.81,82 Curiously, 

preclinical and clinical data revealed that allogeneic HSC transplantation had also graft-versus-

tumour (GvT) effect, in which donor lymphocytes present in the graft recognize and kill the host’s 

tumour cells.83,84 Consistently, patients who developed GvHD were less likely to suffer cancer 

relapse85–87, highlighting a link between GvHD and GvT. Thus, strategies to reduce GvHD 

incidence (i.e. T-lymphocyte depletion and HSC immune selection) end up reducing the GVT 

effect of infused marrow cells, and may increase the patient’s risk of relapse of malignant 

diseases.88–91 Given the serious risks/side effects associated with conventional HSC 

transplantation, and its limitations, this therapy is restricted to mostly young patients who are in 

good medical condition, as opposed to patients ranging from 65 to 70 years, to whom most 

hematological disorders are diagnosed. 

II.5.1 Mobilized Peripheral Blood. 

Initially, the only HSC source available was bone marrow, which was harvested from the pelvis 

or sternum under general anesthesia. Eventually, increasing evidence grew that the absolute 

number of HSCs present within the transplant were proportional to the robustness of 

hematopoietic engraftment, and increasing doses of HSC significantly lowered mortality from 

infectious complications post-transplant.92 This realization led to the search for means of 

increasing the number of HSCs that could be harvested for transplantation. Eventually, human 

hematopoietic cytokine G-CSF was shown to mobilize primitive HSC with long-term repopulating 

ability into the peripheral blood with relatively high efficiency.93 Ultimately, this demonstrated that 

mPB was a viable source for HSC transplantation. In comparison with bone marrow harvesting, 

mPB provides a non-invasive, HSC-enriched source, leading to the gradual replacement of bone 

marrow with mPB in the clinical setting over the past years, accounting for ~75% of HSC 
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transplants from unrelated adult donors92 and ~99% of autologous HSC transplants94. Several 

multi-centre randomized trials have collectively shown that although engraftment/reconstitution is 

often faster and more robust with mPB than with bone marrow, it is also associated with a 

significantly higher rate of chronic and acute GvHD, but with no significant improvement in 

survival.135,140–143 Nevertheless, specific characteristics of the patients may dictate which source 

of the HSC graft is best.92 Patients with higher risk of graft failure/rejection may benefit from the 

use of mPB, given its ability to mediate more robust engraftment95–98, whereas more 

immunosuppressed patients with lower graft rejection probability may prefer bone marrow 

transplantation, due to its lower GvHD incidence. 

II.5.2 Umbilical Cord Blood. 

Umbilical Cord Blood was first used in clinical practice, in 1988 in a 5-year old patient with severe 

aplastic anemia.99,100 The first signs of engraftment appeared after 22 days with no GVHD signs, 

and more than 20 years after the UCB transplant, the patient remains healthy with complete long-

term haematological and immunological donor reconstitution.99,101 These encouraging results 

suggested that: i) a single cord contained enough HSC to reconstitute haematopoiesis; ii) UCB 

could safely be collected at birth; and iii) UCB HSC could be cryopreserved and thawed without 

negatively affecting repopulating ability.  

Since then, an increase in allogeneic UCB transplantation has been observed. In fact, UCB 

transplantations surpassed the number of bone marrow transplants in 2009.102 Much of this 

success is due to the creation of worldwide network of cord blood banks, allowing the collection, 

cryopreservation, and distribution of over 600,000 UCB.103 Many advantageous characteristics 

turn UCB an ideal HSC source for transplantation78: i) Increased availability of banked samples – 

UCB is donated, quality-tested and banked in advance, turning it ideal in acute settings and 

abolishing the long delay inherent to the use of bone marrow; ii) Immaturity of the immune cells 

present in UCB is far less likely to cause GvHD than bone marrow or mPB; iii) Contrary to bone 

marrow and mPB, perfect HLA-matching is not necessary between donor and recipient for a UCB 

transplant to be successful; iv)  UCB is less likely to transmit viruses when compared to bone 

marrow or mPB;  

The maximum degree of HLA disparity that will still allow engraftment has yet to be determined, 

but in contrast with HLA-mismatched bone marrow transplantation, even unrelated 1 or 2 antigen 

mismatched UCB transplants result in an acceptable grade of acute GvHD.104 Ultimately, the 

continuous birth of children and non-invasive harvesting allows easier worldwide banking, which 

combined with less strict HLA-matching increases the patient’s chance of finding a suitable donor. 

This is especially critical in the case of ethnic minority groups, which are less likely to find a 

suitable BM donor. 

However, UCB transplantation also poses some drawbacks, such as higher rates of engraftment 

failure due to low volume collection, and delayed engraftment of neutrophils and platelets (time 

to neutrophil recovery is a major indicator of post-transplant mortality105), which lengthen hospital 
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stays and increases the risk of serious complications.102 A single UCB unit has sufficient cells (2-

5 x 106 CD34+) to repopulate new-borns or small children, but not larger weight adolescents and 

adults (optimal dose >2x105 CD34+/kg), limiting the use of UCB to paediatric cases.102,106 Multiple 

UCB unit transplantation into the same recipient provides a straightforward increase in cell dose, 

making the use of two UCB grafts a standard practice for adult patients, leading to less 

engraftment failure rates when compared to single UCB transplant recipients.107 However, it does 

not increase the speed of engraftment compared with the recipients of single UCB unit 

transplantation, or that observed for other graft sources.108,109  

Although this approach allows for a more effective engraftment, some studies have suggested 

that multiple cord blood unit transplantation is associated with increased GvHD, while 

simultaneously having an increased cost compared to the use of a single UCB unit.102 

Interestingly, when multiple UCB units are transplanted, both contribute to initial recovery, but 

only HSCs from a single UCB unit are able to dominate hematopoiesis and ultimately produce 

long-term durable hematopoietic engraftment, with the cells from the other UCB unit being lost 

long-term.109,110 

II.6. Ex-vivo expansion of HSCs. 

One can enhance the engrafting capability of a UCB unit by ex-vivo expansion, accomplishing 

not only increased cell numbers with haematopoietic reconstitution potential, but also providing a 

selective expansion of short-term engrafting HSCs. 

If one takes into account that neutrophil recovery depends on early-engrafting cells, and not LT-

HSCs, the ability to expand these progenitors becomes critical.73 Expansion of UCB units can 

augment the numbers of colony-forming unit–granulocyte-macrophages (CFU-GMs), which are 

higher in UCB compared with mPB or BM.100,111 Moreover, the proliferative ability of UCB 

CD34+CD38 – is higher than their BM counterparts.112,113 However, even though ex vivo expansion 

leads to earlier initial hematopoietic recovery, it ends up with later graft failure, due to the loss of 

Figure 11 - Schematic of ex vivo expansion techniques for cord blood transplantation. Adapted 
From: Munoz, J. et al. Concise Review: Umbilical Cord Blood Transplantation: Past, Present, and Future. 
Stem Cells Transl. Med. 3, 1435–1443 (2014). 
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long-term repopulating activity.114 Ex-vivo expanded grafts provide a clinical advantage 

nonetheless, especially in combination with ’un-manipulated’ fractions of the same cell source 

unit, where the former would provide faster initial hematopoietic reconstitution, and the latter long-

term sustainable hematopoiesis.115 

Many procedures have been attempted to expand the HSCs pool, by a rational combination of 

many factors such as initial stem/progenitor cell enrichments and oxygen tension,116 culture 

duration117, cytokine cocktails118, blocking in  vitro differentiation of early progenitor cells119 and 

co-culture with stromal feeder layers.1,120,121 Table 1 presents a selection of the some results, 

reported in the literature until 2013, on the ex vivo expansion of both mononuclear cells (MNCs) 

and CD34+-enriched UCB cultures, under liquid suspension or co-culture conditions, as well as 

presence/absence of serum in media compositions.115 

 

Most traditional cytokine/supplement combinations rely on early-acting cytokines SCF and Flt-3L, 

and some also on TPO and members of the interleukin (IL) family. A summary of the most-used 

cytokines/molecules in ex vivo expansion culture systems targeting HSCs amplification and their 

proposed functions is presented in Table 2. 

Table 1 - Summary of the main results focusing on UCB expansion under static conditions, either on liquid 
suspension cultures or in the presence of mesenchymal stem/stromal cells feeder layers. From: Andrade, 
P. Z., Santos et al. Stem cell bioengineering strategies to widen the therapeutic applications of hematopoietic 
stem/progenitor cells from umbilical cord blood: J. Tissue Eng. Regen. Med. 9, 988–1003 (2015). 
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When comparing liquid-suspension cultures with stromal co-culture, it is to notice that CD34+ 

expansion is higher in the latter (Table 1). Furthermore, although cytokine leads to an increase 

in Total nucleated cells (TNCs) after UCB expansion, the rapidity of engraftment did not improve 

in clinical trials relying solely on cytokines.122 Rather than long-term HSC, this is probably due to 

the expansion of early acting multipotent progenitors (MPPs) and cytokine-induced differentiation 

of more committed progenitors (CD34+ CD38− or CD34+ Lin−) into cells of committed lineage 

(CD34+ Lin+) that have poor BM homing capabilities.114,123 Furthermore, intercellular signalling 

between cells from distinct lineages and stages of differentiation,124–126 or within the same 

lineage127, is able to disturb stem/progenitor cell expansion. This inhibition can be done through 

competition for cytokines and nutrients, or by secreting factors that alter the HSC cell cycle rate 

and promote differentiation and/or apoptosis.128–130 In fact, several mature progenitors express 

factors such as transforming growth factor-b (TGFb), tumour necrosis factor-a (TNFa), interleukin-

3 (IL-3), macrophage inflammatory protein-1a (MIP-1a) and monocyte chemoattractant protein-1 

(MCP-1)125, all of which inhibit HSC expansion. Therefore, methods must be devised to selectively 

expand cells that possess better bone marrow homing capabilities, and to block the differentiation 

of HPCs into more committed progeny (i.e. TEPA131,132,133; Notch Signalling134,135; NAM136,137,138; 

SR1139). 

II.5.1 Stromal feeder layers 

In adults, HSCs and their primitive progeny are located within the bone marrow, contiguously to 

the endosteal surface of trabecular bone, and interactions of vascular/stromal cells with HSCs 

are known to be of great importance for their maintenance, thus making BM MSCs cells ideal to 

mimic their natural niche when culturing HSCs in vitro. Consistently, it was reported that adherent 

stromal feeder layers are able to promote ex vivo expansion/maintenance of human HSCs 

cultured on top. This system also preserves the ability of expanded UCB cells to engraft in an in 

vivo model. However, it is still not know if these positive effects are solely due to soluble 

factors140,141, or if direct cell-cell contact is required142. Nonetheless, direct contact of 

haematopoietic cells with stromal cells has been associated with an improvement in 

stem/progenitor cell expansion.1,142 Increased numbers of more lineage-committed cells143, and 

Table 2 - Summary of cytokines and other molecules used in human hematopoietic stem/progenitor cell 
culture ex-vivo with their reported functions. From: Andrade, P. Z., Santos et al. Stem cell bioengineering 
strategies to widen the therapeutic applications of hematopoietic stem/progenitor cells from umbilical cord 
blood: J. Tissue Eng. Regen. Med. 9, 988–1003 (2015). 
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CD7+ early lymphoid progenitors were also reported in these type of cultures.1,144  Distinct co-

culture systems have been tested for the expansion of HSCs. Although most of them use bone 

marrow mesenchymal stem/stromal cells (MSC)-derived as feeder layers, some systems use 

different stromal sources, different isolation protocols of stromal cells, and diverse cytokine 

combinations (Table 1). Consequently, divergent results have been reported and thus the role of 

stroma in hematopoietic cell co-cultures remains a very controversial issue.1  

There are several well-defined sources for MSCs in the body besides the bone marrow (BM) such 

as adipose tissue145 , lung146, liver147, umbilical cord matrix (i.e. Wharton’s jelly; UCM)148, 

synovium tissue149, amniotic fluid150, fetal blood151, dental pulp152, and skeletal muscle153. The 

most primitive MSC population can be obtained from fetal tissues such as the umbilical cord 

matrix, the Wharton’s jelly154 and UCB148. 

Of these, the richest source of MSCs in adults is the adipose tissue (AT), which is easily 

accessible and a well-characterized methodology is available for the isolation of cells from this 

source. As it is estimated, about 500 times more AT-MSCs can be isolated from fat tissue than 

from the same amount of BM.155 The UCM is also a fruitful MSC source, as Wharton’s jelly 

contains mainly primitive MSC, which increases their potential in therapeutic applications154, 

furthermore, it is collected alongside UCB, allowing for quick harvesting of both components of 

the co-culture expansion system, from the same donor (UCB-HSCs and UCM-MSCs). These 

studies raise the question if BM-MSCs are equivalent to AT-MSCs and UCM-MSCs, or if they are 

divergent from them. In terms of availability, UCM-MSCs would have all the advantages referred 

for UCB, while AT MSCs would benefit from the abundance of adipose tissue collection around 

the world (e.g. Liposuction surgeries), which in combination with the high yield of isolation 

protocols provides a fast, cost-effective source of MSCs. Efforts are being made in the direction 

of using human origin, clinical-grade MSCs as feeder layers, prepared under good manufacturing 

practice (GMP)-compliant conditions, to overcome possible contamination risks from compounds 

of animal origin (e.g. Fetal bovine serum). Additionally, other MSCs sources are also being 

explored to serve as feeder layers in co-culture systems. 

  



17 
 

III. Materials and Methods. 

III.1. Human Samples. 

Bone marrow aspirates, Umbilical Cord, and Adipose tissue samples were obtained from IPO 

Lisboa, Hospital São Francisco Xavier, and Clínica de Todos-Os-Santos, respectively. All the 

samples were obtained after informed consent of the donors, and their harvesting and collection 

performed in accordance with the protocols of the respective institutions. 

III.1.1. Processing Umbilical Cord Blood. 

Low-density mononuclear cells (MNCs) were isolated from Umbilical cord blood (UCB) samples 

by Ficoll density gradient centrifugation, followed by a red blood cell lysis with NH4Cl (10 minutes 

at room temperature). The lysis was stopped by adding fetal bovine serum (FBS, Hyclone). MNCs 

were quickly stored at -80ºC in cell culture freezing medium (RecoveryTM; GIBCO® Life 

TechnologiesTM, 50 x 106 cells/vial). The samples were banked in liquid nitrogen at -180ºC the 

day after. 

III.1.2. Purification of CD34+-enriched cells. 
To obtain a suspension of purified Hematopoietic Stem and Progenitor Cells (HSCs), UCB MNCs 

were picked from the cryopreserved samples and thawed in Dulbecco's Modified Eagle´s Medium 

(DMEM, GIBCO® Life TechnologiesTM) with 20% FBS supplemented with DNase I (10µg/mL) to 

avoid clump formation. A maximum of 250 x 106 cells (5 vials) were thawed per 50 mL of thawing 

medium. UCB MNCs were then enriched for CD34+ cells trough magnetic activated cell sorting 

(MACS®, Miltenyi Biotech and EasySep®, StemCell TechnologiesTM), following manufacturer’s 

instructions. 

III.2. Cell Counting. 

To perform routine cell counting, cell samples were centrifuged at 349 g for 7 minutes, the 

supernatant discarded, the sample resuspended (Vres) and counted in a neubauer chamber with 

trypan blue solution. The total number of cells in the resuspended sample was determined by 

dividing the count by the number of squares counted, times the dilution factor in trypan blue 

solution (DF), times Vres, times 10 000 (Equation 1). 

Equation 1 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 =
#𝑐𝑜𝑢𝑛𝑡

#𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
× 𝐷𝐹 × 𝑉𝑟𝑒𝑠 × 10000 
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III.3. MSC cell culture. 

III.3.1. Thawing. 

Frozen MSC samples were thawed in DMEM 20% FBS or StemGro® hMSC Medium (Corning®) 

in case xeno-free conditions were required, counted and plated as mentioned in the following 

sections. 

III.3.1. Ex-vivo expansion in static conditions. 

Adherent cultures of MSCs were plated with a cell density between 3 x 103 cells/cm2 and 6 x 103 

cells/cm2, in polystyrene T-Flasks or flat bottom multiwell-plates (Corning®). 

Culture Media: To grow MSCs, serum-containing (SC) or xeno-free (XF) media can be used. 

The SC medium consists in low-glucose DMEM supplemented with 10% (v/v) Fetal Bovine 

Serum, MSC qualified (FBS, Life TechnologiesTM). MSCs expanded in DMEM 10%FBS will be 

hereinafter referred to as SC MSCs. The XF medium used was either StemPro® MSC SFM (Life 

Technologies), supplemented with GlutaMaxTM (Life TechnologiesTM), or DMEM supplemented 

with 5% xeno-free Human Platelet Lysate (HPL) (BSSubTM-XF, AventaCell BioMedical Co., Ltd.). 

MSCs expanded in StemPro® and BSSubTM-XF will be hereinafter referred to as XF MSCs and 

HPL-XF MSCs, respectively. 1% (v/v) of antibiotic was added to all culture media to avoid 

contaminations. In the specific case of XF MSCs expansion, a pre-coating with CELLstartTM 

(Invitrogen®, Carlsbad, CA) is needed before plating the cells (1 hour at 37ºC, 5% CO2). 

CELLstartTM is a fully-defined, xenogeneic-free humanized substrate for stem cell culture,  

produced under cGMP156, and compensates for the lack of adhesion molecules in StemPro®, 

which are necessary for the MSCs to be cultured in an adherent fashion. 

Passaging: If a given MSC population is to be maintained in culture for long periods, adherent 

MSCs must be harvested upon reaching 70%-80% confluence from the recipient with proteolytic 

enzymes, and re-plated into a new recipient. The media in which cells are cultured are 

determinant in the choice of which enzyme solutions to use. Accutase® (Sigma) was used in the 

case of SC MSCs, while TryplETM Select CTSTM (1X) was used for XF and HPL-XF MSCs. 

Washing media was added in a 1:3 proportion to dilute the enzymatic agent, DMEM+10% FBS 

(HyCloneTM) for SC MSCs and StemGro® hMSC Medium (Corning®) for XF MSCs. 

III.4. HSC/MSC Expansion Systems. 

A HSC/MSC co-culture system was used to expand fresh CD34+ cells. 

III.4.1. Establishment of MSC-derived feeder layers. 

To establish a MSC-derived stromal feeder layer capable of supporting HSC expansion, 95-100% 

and 60-70% confluent BM MSCs and AT/UCM MSC, respectively, had their growth inactivated 

by replacing the culture media with DMEM-10%FBS, supplemented with mitomycin C (0.5 

μg/mL), for 2.5 hours, at 37oC, 5% CO2. 
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III.4.2. HSC expansion media. 

Two expansion media were used. i) Quality Biological Serum-Free medium (QBSF-60; Quality 

Biological, Inc.), supplemented with a specific cytokine cocktail, hereinafter referred as Z9: SCF 

(60 ng/ml), Flt-3L (55 ng/ml), TPO (50ng/ml) and bFGF (5 ng/ml); ii) StemSpan™ SFEM II (Stem 

Cell Technologies™) + Z9. 

III.4.3. Expansion of CD34+-enriched cells in Static conditions. 

Suspensions of CD34+-enriched cells were cultured (30-50 x 103 cells/mL) on top of a previously 

inactivated human MSC-derived feeder layer, for 7 days without media change, at 37ºC, 5%CO2. 

CD34+-enriched cells were also cultured in the absence of a stromal feeder layer (noStr) as a 

control condition. 

III.5. In vitro assays. 

Fresh CD34+-cells (day-0) were harvested for CAFCs assay (2 x 103 cells per condition), for CFU-

C assay (1 x 103 cells per condition), and for Flow Cytometry analysis. At the end of the co-culture 

(day-7), the number of total nucleated cells (TNC) after expansion was determined, harvested for 

CAFCs assay (2 x 103 cells per condition), for CFU-C assay (5 x 103 cells per condition), and for 

Flow Cytometry analysis. 

III.5.1. Proliferative analysis 

Total hematopoietic expansion is evaluated by assessing the fold-increase in total cell number. 

This is calculated by dividing the number of cells at the end of the culture period (day-7) by the 

number of cells at the beginning of the culture (day-0). 

III.5.2. Phenotypic analysis 

Both fresh CD34+-enriched cells and expanded CD34+-enriched cells were analysed by flow 

cytometry (FACScalibur, Becton Dickinson), using a panel of monoclonal antibodies (FITC-, or 

PE-conjugated) against: CD90 for HSCs; CD34 and CD133 for stem/progenitor cells; CD41 for 

megakaryocyte lineage, and CD14 for monocytic lineage; CD15 and CD33 for myeloid lineage; 

CD7 for early lymphoid cells.  A minimum of 3 x 104 cells/tube were incubated with these 

monoclonal antibodies for 15 min in the dark at room temperature. Cells were washed afterwards 

with PBS and fixed with 1% paraformaldehyde (Sigma). Appropriate isotype controls were also 

prepared for every experiment to exclude the possibility of non-specific binding of antibodies to 

Fc receptors. A minimum of 10 000 events was collected for each sample. Analysis was 

performed using FlowJo software. 

III.5.3. Clonogenic Potential assay 

Colony forming unit in culture (CFU-C) assays are short-term, semi-solid colony assays. Three 

different scores were attributed to the colonies according to their composition, size, and color: 
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Colony-forming unit–granulocyte macrophage (CFU–GM), colony-forming unit–granulocyte, 

erythroid, macrophage, megakaryocyte (CFU-Mix) and burst forming unit–erythroid (BFU–E).157 

Both fresh (day-0) and expanded (day-7) UCB CD34+-enriched cells are analysed to evaluate 

their clonogenic potential. Fold-increase in clonogenic potential from day-0 to day-7 is measured 

for each of the three scores. The clonogenic assays are performed by plating 1 x 103 fresh cells 

at day-0, and 5 x 103 expanded cells at day-7, in MethoCult GF H4434 (Stem Cell Technologies). 

The assay is done on 4-well plates with 2cm2 each. Three of the wells were loaded with the cell 

sample, the fourth was loaded with purified water to provide a steady source of humidity 

throughout the assay. The clonogenic cultures were maintained at 37ºC and 5% CO2. After 14 

days, the colonies were counted and categorized. Total CFU numbers were calculated by dividing 

the number of counted colonies for day-0 or day-7, by the number of cells plated for day-0 or day-

7, and this value then multiplied by the total number of cells (TNC) in culture for the day of harvest 

(day-0 or day-7). (Equation 2) 

 

Equation 2 

𝑇𝑜𝑡𝑎𝑙𝐶𝐹𝑈 𝐶𝐴𝐹𝐶𝑠⁄ 𝑎𝑡 𝑑𝑎𝑦 𝑋 =  
#𝐶𝐹𝑈/𝐶𝐴𝐹𝐶 𝑐𝑜𝑢𝑛𝑡

#𝐶𝑒𝑙𝑙𝑠 𝑝𝑙𝑎𝑡𝑒𝑑 𝑎𝑡 𝑑𝑎𝑦 𝑋
× #𝑇𝑁𝐶 𝑎𝑡 𝑑𝑎𝑦𝑋 
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IV. Hematopoietic supportive capacity of different 

mesenchymal stem/stromal cell populations 

  



22 
 

IV.1 Background 

Efforts are being made towards the use of human origin, clinical-grade MSCs to support HSCs  – 

either in the form of feeder layer-assisted expansion1,120, or co-transplantation to improve 

engraftment158 – prepared under good manufacturing practice (GMP)-compliant conditions, to 

overcome possible contamination risks from compounds of animal origin such as Fetal Bovine 

Serum (FBS), and obviate animal welfare concerns. At SCBL, although a serum-free MSCs/HSCs 

co-culture expansion system1 was successfully established, the MSC-derived feeder layers are 

still established using serum-supplemented medium (DMEM 10%FBS). To prepare MSCs under 

GMP-compliant conditions is the next step regarding their usage in clinical practice. In this study, 

two xeno-free alternatives to FBS were tested for their ability to expand BM MSCs, with the 

objective of establishing a stromal feeder layer capable of supporting hematopoietic expansion of 

UCB HSCs. Additionally, alternative sources of MSCs – adipose tissue (AT) and umbilical cord 

matrix (UCM) were tested. 

IV.2 Establishment of xenogeneic (xeno)-free bone marrow (BM) MSC-derived feeder 

layers for HSC expansion 

- StemPro® MSC SFM (Life Technologies™) 

StemPro® MSC SFM XenoFree (StemPro) has been developed for the expansion of human 

MSCs under completely serum-free and xeno-free conditions. Using this medium, human MSCs 

can be expanded for multiple passages while maintaining their multipotent phenotype (i.e. ability 

to differentiate into osteogenic, chondrogenic and adipogenic lineages). Furthermore, StemPro is 

cGMP compliant which allows for traceability and manufacturing reliability.159 

In this study, BM MSCs were expanded in static conditions, in StemPro (XF MSCs, Figure 12a) 

or serum-supplemented (SS MSCs, Figure 12b) medium.  

Even when isolated from the same donor, the XF and SC MSC populations display visible 

differences early on. For instance, XF MSCs display a faster growth than SS MSCs, but are 

significantly smaller than the latter. Considering that changing the expansion media alters MSCs 

Figure 12 – Plastic adherent BM MSC cell culture, expanded in a) StemPro – XF MSCs b) DMEM 10% FBS – SS MSCs 



23 
 

size and cell division kinetics, differences may also be observed on the hematopoietic supportive 

capacity of each population. Before initiating MSC/HSC co-cultures, the stromal feeder layer have 

to be treated with mitomycin-C. Thus, we decided to evaluate how the XF MSC-derived feeder 

layer responded to mitomycin-C treatment plus 7 days of culture in HSC expansion medium. 

With the current system, to derive stromal feeder layers capable of supporting HSC expansion, 

95-100% confluent BM MSCs must have its growth inactivated by replacing the culture media 

with DMEM-10%FBS + 0.5 μg/mL mitomycin-C. After the treatment step with mitomycin, MSCs 

will not spend resources on growth metabolism, but rather on the metabolism responsible for 

supporting HSCs expansion in culture. 

However, using the same approach with BM MSCs expanded in StemPro did not allow for a viable 

feeder layer (Figure 13).  

 

This occurrence impaired the possibility of establishing a MSC/HSC co-culture expansion system 

and it was hypothesized that XF MSCs may differ from SS MSCs in terms of sensibility to 

mitomycin-C treatment. Thus, an array of mitomycin-C concentrations was tested to treat XF 

MSCs. In this way, confluent XF MSCs were treated with either 0.5, 5, or 50 µg.mL-1 of mitomycin-

C and cultured in QBSF+Z9 expansion media for seven days. Furthermore, with the goal of 

maintaining a fully GMP-compliant inactivation protocol, mitomycin-C was also diluted in StemPro 

medium, as opposed to the standard serum-supplemented medium. SS MSC-derived feeder 

layers were included in the test as viability controls as no senescence episodes were observed 

in these cultures. 

In Table 3 is represented the number of cells obtained and their viability after the mitomycin-C 

treatment step and 7 days of culture in QBSF+Z9. XF MSC-derived feeder layers treated with 50 

µg/mL mitomycin C diluted either in StemPro or DMEM+10% FBS medium entered senescence 

after 7 days, with very few cells remaining adherent to the well (Table 3). 

Figure 13 – Representative image of a senescent XF MSC-derived feeder layer 
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Table 3 - Number of cells measured at day 0 (D0) and day 7 (D7), and viability at day 7, of XF and SS 
MSCs inactivated in different media and mitomycin-C concentration. 

 

Regarding the controls, both maintained cell viability values around 90%, but the non-treated 

sample had an increase in cell numbers, whereas the treated sample did only slightly, indicating 

a successful growth inactivation of the feeder layer. (Table 4, Figure 14a). Regarding the XF 

MSCs-derived feeder layers, only the culture whose mitomycin-C treatment step was performed 

using 0.5 ug.mL-1 of mitomycin-C diluted in DMEM 10%FBS had its number of cells maintained 

from day 0 to day 7. (Figure 14b). The best result yielded a 76% of feeder layer viability, which 

is sub-optimal when compared with our current system, which is always above 90%. (Table 3) 

 

Feeder-layer senescence is a serious hurdle to the establishment of a functional HSC/MSC co-

culture system, as it does not allow for the MSCs to support HSCs growth. Most importantly, 

feeder layer death and detachment ends up contaminating the final cellular product, the expanded 

HSCs, with cellular debris that need to be removed prior to transplantation. Because of the 

mentioned limitations, GIBCO® StemPro® MSC SFM (Life Technologies™) does not seem to be 

a viable alternative to establish MSC-derived feeder layers. This may be due to lack of sufficient 

adhesion molecules to withstand 7 days in a confluent state. In fact, the need for a pre-coating 

 Mitomycin C Media #Cells D0 #Cells D7 Viability D7 

SS MSC – No treatment 
1.67E+04 

5.78E+04 93% 

SS MSC 0.5 ug.mL-1 DMEM 10%FBS 2.00E+04 90% 

XF MSC – No treatment 

6,93E+04 

– 0% 

XF MSC 5 ug.mL-1 DMEM 10%FBS 3.44E+04 73% 

XF MSC 5 ug.mL-1 StemPro® MSC XFM – 0% 

XF MSC 0.5 ug.mL-1 DMEM 10%FBS 6.28E+04 76% 

XF MSC 0.5 ug.mL-1 StemPro® MSC XFM – 0% 

Figure 14 – Comparison of BM MSC feeder layers expanded either in DMEM 10%FBS treated with 0.5 ug.mL-1 of 
mitomycin-C (a) or in StemPro® MSC SFM XenoFree treated with 0.5 ug.mL-1 of mitomycin-C (b). 
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with CELLstartTM for the expansion of XF MSCs and the exacerbated senescence when using 

StemPro® in the inactivation protocol (Table 3) support this hypothesis. 

- Human Platelet Lysate (HPL) – BSSubTM-XF (AventaC0ell BioMedical Co. Ltd.) 

Although the GMP-compliant isolation and expansion of MSCs relies on the commercialization of 

chemically defined xeno-free culture media, their exact composition is not fully disclosed. The 

scientific community is looking for alternatives in this regard that allow safe, efficient and cost-

effective cell expansion and production in cell therapy and regenerative medicine research.  

Human platelet lysate (HPL) arises as a potential candidate to successfully replace FBS in cell 

culture medium. Through a high throughput proteomic array analysis, FGF/EGF, TGF-β/BMP and 

VEGF/PDGF were found to be highly represented in HPL.160. HPL-supplemented medium has 

been used with a variety of cells of primary origin and established cell lines with non-xenogeneic 

formulation, due to absence of bovine or other animal-derived proteins.161 In collaboration with 

AventaCell BioMedical Co., Ltd., the use of BSSubTM-XF (hereinafter referred to as HPL-XF)-

supplemented medium (DMEM 5%HPL) was exploited for the establishment of MSC XF-derived 

feeder layers capable of supporting HSC expansion. As in the case StemPro, we wanted to see 

how MSCs cultivated in DMEM 5%HPL reacted to the treatment step with mitomycin-C. For what 

was observed in culture, BM MSCs grow faster when cultured with HPL-supplemented medium 

when compared with FBS-supplemented medium.  

To account for the higher proliferative potential, 60-70% confluent BM MSCs (Figure 15) were 

treated with 5 ug.mL-1 of mitomycin-C and maintained in HSC expansion medium supplemented 

with bFGF (this growth factor is part of the cytokine cocktail to assure the maintenance of the 

stromal feeder layers in the absence of serum.120) for 7 days (Figure 16). Their total number of 

cells and viability were assessed (Figure 17). These results were compared with non-treated 

samples. 

Figure 15 - BM MSCs expanded in DMEM 5%HPL-XF prior to mitomycin-C treatment 



26 
 

Additionally, since the growth-inactivation step can be done up to 48h before starting MSC/HSC 

co-cultures it was hypothesized that additional 48h in the presence of MSC expansion medium 

would give time for the cells to recover after the harsh inactivation step. Therefore, an additional 

condition was performed, with mitomycin-C treated cultures left in DMEM 5%HPL-XF for 48h after 

mitomycin-C growth inactivation, before starting the 7-day culture in StemSpan + bFGF.  

The non-inactivated BM MSCs continued growing throughout the seven days in culture, with a 

2.5-fold increase in total number of cells (Figure 17). Inversely, mitomycin-c treated MSC cultures 

did not divide any further throughout the 7 days in culture (Figure 17). However, although not 

multiplying, the viability of the inactivated cultures was not compromised and it was even superior 

to the non-inactivated cultures (Figure 17). Inactivated cell cultures left in MSC expansion 

medium for 48h also had their growth arrested, but had lower viability percentages (Figure 17). 

Contrarily to StemPro®, BM MSCs expanded in DMEM 5%HPL-XF seem to behave similarly to 

BM MSCs expanded in DMEM 10%FBS regarding feeder layer establishment, with >90% viability 

and growth arrest after mitomycin-C treatment and 7 days in culture in HSC/MSC co-culture 

media (Figure 17). 

Figure 17 – DMEM 5%HPL-XF expanded BM MSCs stromal layers: Fold increase in total number of cells (Left) and 
Viability measurement (Right) after 7 days in co-culture media, for non-treated samples (BM no MitoC), 5 ug.mL-1 
treated samples (BM Inactivated), and treated samples left for 48h in HPL prior to 7-day culture (BM MitoC + 48h). 
(n=3)  

Figure 16 - BM MSC feeder layers expanded in DMEM 5%HPL-XF: a) BM MSC at day-7, without mitomycin-C 
treatment; b) BM MSC at day-7, 0.5 µg mitomycin-c treatment. 
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After establishing viable BM MSCs feeder layer in DMEM 5%HPL-XF, the next step was to 

evaluate their hematopoietic supportive capacity, when compared with SS MSC- derived feeder 

layers. A pool of UCB donor (n=2; 3 x 104 CD34+/mL) was expanded in StemSpan + Z9 in co-

culture with single donor of BM MSCs expanded either in DMEM 5%HPL-XF or DMEM 10%FBS, 

and compared with cultures absent of stroma (noSTR). After 7 days, the fold increase in total 

number of cells and their clonogenic potential (see III.5.3) was assessed (Figure 18).  

Additionally, the content of the different hematopoietic subpopulations was assessed at day 0 

(Figure 19) and day 7 (Figure 20), and fold their increase calculated (Figure 21). 

  

 

Figure 19 - Content of hematopoietic subpopulations for fresh CD34+-enriched UCB sample 
(day 0). 
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Figure 18 - Side-by-side comparison of the ex-vivo hematopoietic supportive capacity of BM MSC feeder layers 
expanded either in DMEM 10% FBS or DMEM 5% HPL-XF, and in the absence of stroma (noSTR): Outputs 
measured as fold increase in total nucleated cells (TNC, results presented as Mean ± SEM; n=3), and clonogenic 
potential as measured by Burst forming units – erythroid (BFU-E), Colony forming units – granulocyte monocyte 
(CFU-GM), and Colony forming units – mix (CFU-Mix). 
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Although not being able to reach as higher fold increase in TNC when compared with DMEM 10% 

FBS, this condition still improved the ex-vivo expansion of UCB HSCs when compared with the 

no stroma condition (Figure 18a). Together with the similar clonogenic potential (Figure 18b) and 

hematopoietic proportions (Figure 20) when compared to 10% FBS, supplementing DMEM with 

5% HPL-XF seems to provide an efficient xeno-free alternative to our current system, which is 

based on DMEM 10%FBS-expanded MSCs. Additionally, its content in CD34+ cells was higher 

than the 10%FBS condition (Figure 20). Of notice, even though it had lower fold increase in TNC, 

5%HPL-XF condition still achieved higher numbers of CD15 and CD7 populations than 10% FBS 

(Figure 21). Further studies with more BM MSCs donors should take this data into account, 

because CD15 is expressed in mature neutrophils162, whose number is a critical parameter in 

UCB transplantation, which usually suffers from delayed engraftment of neutrophils and 

platelets.105 On the other hand, CD7 surface marker is expressed on the earliest, immature 

thymocytes that express neither CD4 nor CD8. Because of their immaturity, in principle, this does 

not increase the chance of GvHD. However, it is also expressed on mature T cells, which, if 

Figure 21 – Fold increase in hematopoietic subpopulations for expanded CD34+-enriched UCB 
samples (day 7 relatively to day 0), in co-culture with BM MSC expanded feeder layers in 
DMEM 10%FBS, DMEM 5% HPL or in the absence of stroma (noSTR).  

Figure 20 – Proportion of hematopoietic subpopulations for expanded CD34+-enriched UCB 
samples (day 7), in co-culture with BM MSC expanded feeder layers in DMEM 10%FBS, 
DMEM 5% HPL or in the absence of stroma (noSTR). 
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present, will cause GvHD upon transplantation. Thus, further studies should account for this 

possibility. 
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IV.3 Establishment of xenogeneic (xeno)-free feeder layers from alternative MSC sources 

for HSC expansion 

Taking a step further, BSSub™-XF-supplemented medium was also used to expand UCM MSCs 

and AT MSCs, with the objective of establishing MSC-derived feeder layers from alternative 

sources. Even though they are both usually regarded as biological waste, adipose tissue was 

found to provide an alternative HSC niche to the bone marrow163 and about 500 times more MSCs 

can be isolated from fat tissue than from the same amount of BM.155 On the other hand, primitive 

MSCs present in UCM increases its potential in therapeutic applications154. Furthermore, UCM is 

collected alongside UCB, allowing for quick harvesting of both components of the co-culture 

expansion system, from the same donor (UCB-HSCs and UCM-MSCs). Thus, is of great interest 

to study both these sources on their capability of supporting hematopoiesis. Although BM is the 

most common source of MSCs, umbilical cords and lipoaspirates are routinely discarded after 

birth and lipoaspirations, respectively, in clinics and hospitals, making these easily accessible and 

non-invasive sources of MSCs, obviating ethical concerns.    

Therefore, it was hypothesised if MSCs from other sources had hematopoietic supportive 

capacity, such as BM MSCs.  To accomplish that, UCM MSCs and AT MSCs, expanded in HPL-

XF-supplemented medium, were tested as possible feeder layers.  

To see if mitomycin-C was able to inactivate the growth of AT MSCs expanded in DMEM 5%HPL-

XF, 60-70% confluent AT MSCs (Figure 22), were treated with either 0.5, 5, or 50 ug.mL-1 of 

mitomycin-C, maintained in StemSpan + bFGF co-culture media for 7 days (Figure 23). 

 

 

Figure 22 – 60-70% Confluent AT MSCs expanded in DMEM 
5%HPL-XF prior to inactivation 
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Their total number of cells and viability was assessed (Figure 24), and results compared with 

non-inactivated samples. 

Only the cultures that had been treated with 0.5 ug.mL-1 of mitomycin-C were able to maintain a 

feeder-layer throughout the 7 days of culture (Figure 23c), without senescence and surface 

detachment (Figure 23a,b). Expectedly, non-inactivated feeder layers (Figure 23d) showed 

Figure 23 – DMEM 5%HPL-XF expanded AT MSC-derived feeder layers at day 7: A) 50 µg.mL-1 Mitomycin-C 
treatment; B) 5 µg.mL-1 Mitomycin-C treatment; C) 0.5 µg.mL-1 Mitomycin-C treatment; D) Without Mitomycin-C 
treatment.  

Figure 24 - DMEM 5%HPL-XF expanded AT MSCs stromal layers: Fold increase in total number of cells and Viability 
% measurement after 7 days in co-culture media, for non-treated samples (AT no MitoC), and 5 ug.mL-1 treated 
samples (AT 5 ug.mL-1) 
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some overgrowth (Figure 24a) comparatively to the 0.5 ug.mL-1 mitomycin-C treated samples, 

but the latter had higher viability at the end of the culture (Figure 24b).   

The same experimental procedure was followed to see if mitomycin-C was able to inactivate the 

growth of UCM MSCs expanded in DMEM 5%HPL-XF. Thus, 60-70% confluent UCM MSCs 

(Figure 25), were treated with either 0.5, 5, or 50 ug.mL-1 of mitomycin-C, and maintained in 

StemSpan + bFGF co-culture media for 7 days (Figure 26) 

 

Figure 25 – 60-70% confluent UCM MSC expanded in 
DMEM 5%HPL-XF prior to mitomycin treatment. 

a b 

c d 

Figure 26 - DMEM 5%HPL-XF expanded UCM MSC-derived feeder layers at day 7: a) 50 µg.mL-1 mitomycin-c 
treatment; b) 5 µg.mL-1 mitomycin-c treatment; c) 0.5 µg.mL-1 mitomycin-c treatment; d) Without mitomycin-c 
treatment; 
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The non-inactivated MSCs did not show any growth arrest after seven days in culture (Figure 

26d). Since 0.5 µg.mL-1 mitomycin-C treatment did not allow for effective growth arrest (Figure 

26c), a concentration of 5 ug.mL-1 mitomycin-C was chosen to assure a effective growth 

inactivation (Figure 26b).  

To evaluate that this was an appropriate concentration to use, the total number of cells and 

viability was accessed throughout the 7 days of the culture for 5 ug.mL-1 mitomycin-C-treated 

cultures (Table S1), rather than only at the end of the 7 days in culture (Figure 27). These results 

were compared with non-treated samples. As with BM MSCs, an additional condition was 

performed, with mitomicyn-C treated cultures left in DMEM 5%HPL-XF for 48h after mitomycin-C 

growth inactivation, before starting the 7-day culture in StemSpan + bFGF. 

The non-treated UCM MSCs had their number increase throughout the seven days in culture. 

Inversely, UCM MSCs of the treated cultures did not divide any further throughout the 7 days in 

culture (Figure 27). However, although not multiplying, the viability of the inactivated cultures was 

not compromised and was superior to that of the non-treated cultures (Figure 27). 

Similarly to BM MSC-derived feeder layers, UCM MSC-derived feeder layers can be left in MSC 

expansion media after mitomycin-C inactivation without compromising growth arrest but with 

lower viability percentages (Figure 27).  

Both AT and UCM sources were shown to be capable of establishing feeder layers, with efficient 

growth arrest and high viabilities at the end of the culture (Figure 24 and 27). Contrarily to BM 

MSCs, AT and UCM MSCs experience a boom in their proliferation upon contact, rapidly growing 

on top of each other, with an apparent lack of mitomycin-C sensibility, ending up in feeder-layer 

overgrowth, which is detrimental for the HSC/MSC co-culture. Viable MSC-derived feeder layers 

were only achieved when inactivating 60-70% confluent populations (Figure 22 and 25), rather 

than the usual 90-100% confluence for BM MSCs expanded with DMEM 10%FBS. Additionally 

for UCM MSCs, mitomycin-C concentration was increased from 0.5 ug.mL-1 to 5 ug.mL-1. 

Figure 27 - DMEM 5%HPL-XF expanded UCM MSCs stromal layers, inactivated with 5 µg.mL-1 mitomycin-c: a) Fold 
increase in total number of cells and b) Viability measurement after 7 days in co-culture media, for non-inactivated 
samples (UCM no MitoC), 5 ug.mL-1 inactivated samples (UCM StemSpan), and inactivated samples left for 48h in 
HPL prior to 7-day culture (BM HPL 48h) 
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To the author’s knowledge, even though several MSC sources have already been expanded with 

HPL,164 or with other serum-free alternatives165, this is the first study that shows that is feasible to 

perform HSC/MSC co-culture without using any compounds from animal origin in all steps of the 

process, using BM MSCs to support the expansion of HSCs in a fully xeno-free fashion. Still, 

some studies have already been performed on the characteristics of MSCs from AT and UCM 

sources, such proliferation and differentiation potential,164,166 and immunomodulatory activity167–

169, but none of them reported the derivation of stromal feeder-layer from alternative sources of 

MSCs with the objective of supporting HSCs’ expansion in a fully xeno-free fashion. Further 

studies should include a side-by-side comparison of BM, AT, and UCM sources for their ability to 

support ex-vivo expansion of UCB HSCs, bone marrow homing capabilities of the expanded cells, 

as well as short-term and long-term engraftment studies in an in vivo model. 
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V. Systematic delineation of optimal cytokine concentrations 

through a two-level face-centered cube design (FC-CD). 
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V.1 Background and Experimental Design 

Design of Experiments (DoE) relies on polynomial models (transfer functions) for mathematical 

and statistical descriptions of the relation between process factors (X’s) and process responses 

(Y´s) (Equation 3). 

                                                               Equation 3 

𝒀 = 𝒇(𝑿) + 𝒆 

Where f(X) is the actual DoE model, which quantifies the cause and effect relationships between 

factors and responses, and e value represents the residuals, variation of Y not described by the 

model. Represents the random variation inherent to the process. DoE quantifies how large the 

random variation is170.  For example, if one considers a hypothetic response Y, depending on two 

factors X1 and X2, there will be three levels of hierarchy on the f(X) polynomial (Figure 28): 

 Linear terms (main effects): Response surface is represented as a plain in the 

multidimensional space. Good statistical support with few runs. 

 Interaction terms: Higher level of complexity, adds an interaction effect between factors 

X1 and X2. 

 Quadratic terms: Full complexity of the model, allows for second degree curvature, by 

adding X1
2 and X2

2. Can either describe a maximum, a minimum, or a plateau on the 

process responses. 

With that, DoE allows for a systematic way of changing process inputs and analysing the resulting 

process outputs in order to quantify the cause and effect relationship between them, as well as 

the random variability of the process in a minimum number of runs. Previously at our laboratory, 

a cytokine cocktail was successfully optimized using an experimental design approach, for the ex 

vivo expansion of UCB HSC in co-culture with human BM MSC-derived feeder layers in a serum-

free culture medium (QBSF) supplemented with SCF, Flt-3, TPO and bFGF for 7 days118.   

However, high degradation rates in glutamine, high levels of megakaryocytic differentiation171 and 

low expansion in the absence of stroma, lead to the necessity of using other expansion medium. 

In the last years, new media have been developed for the expansion of HSCs, such as StemSpan 

Figure 28 – Representation of the hierarchy levels in the polynomial: Adapted from: gelifesciences. Understanding 
Design of Experiments (DoE) in Protein Purification. 
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SFEM II from Stem Cell Technologies, that can efficiently support the expansion of HSCs without 

the presence of a stromal feeder layer.172. StemSpan SFEM II is a defined serum-free media 

which can be supplemented with several different cytokine cocktails to achieve different 

outcomes. Specifically, to unveil the role of stromal feeder layers on cytokine cocktails, a face-

centred cube design (FC-CD) of experiments was performed to access the optimal cytokine 

concentration for StemSpan SFEM II, and explore the differences in terms of cytokine 

concentrations in the presence and absence of a stromal feeder layer, for the expansion of CD34+ 

cells. SCF, FLT3-L and TPO are among the most widely used cytokines for expanding CD34+ 

cells (Table 1,2). HSCs throughout all stages of development of the individual express the same 

levels of the receptor for SCF (c-KIT).173 The stromal cells that surround HSCs are a component 

of the stem cell niche, and they release several ligands, including SCF, which increases HSCs 

survival in vitro. Furthermore, SCF has been shown to increase adhesion and thus may play a 

large role in ensuring that HSCs remain correctly placed in the niche.174 FLT3 is a receptor 

tyrosine kinase with homology to c-Kit and widely expressed on HSCs and progenitors. Injection 

of its ligand (FLT3-L) in vivo increases the number of early myeloid and lymphoid progenitors but 

not committed T cell or B cell precursors, and its crucial for dendritic cells development.175 

However, it was shown that short-term but not long-term HSCs express FLT3.176,177 Additionally, 

FLT3-L induces adhesion of hematopoietic cells to stromal cells via (VLA)-4- and VLA-5-

dependent mechanisms178. Finally, TPO is the cytokine that regulates megakaryocyte production, 

and also HSC quiescence in the bone marrow. The expression pattern of MPL (TPO receptor) 

provides clues to the dual functions of TPO, with MPL expressed predominantly on 

megakaryocytes, platelets, hemangioblasts and hematopoietic stem cells.179 Long-term HSCs, 

which are MPL+, are closely associated with TPO-producing osteoblasts in the niche.24 TPO 

stimulates the expression of Tie2 on HSCs, which is the receptor for angiopoietin-1 (Ang-1), and 

helps keep HSCs adhered to the osteoblastic niche.22 This suggests that TPO is actively involved 

in maintaining the association of HSCs with the niche. 

Thus, a two-level face-centered cube design (FC-CD) was performed in order to optimize the 

concentrations of 3 factors in StemSpan SFEM II, either in the presence or absence of a stromal 

feeder layer: SCF, Flt-3L, and TPO, tested either at 0 ng.mL-1 (low level, –1) or 100 ng.mL-1 

(high level, +1) (Table 4). An additional factor, bFGF, was kept at a constant concentration (5 

ng.mL-1), since this growth factor assures the maintenance of the stromal feeder layers in the 

absence of serum.120  The experimental design was composed by 17 runs: 8 factorial points, 6 

axial points, 3 replicated center points (which provide an estimation of the experimental error). As 

the experimental design is replicated at the central point, it is possible to estimate the random 

measurement variability (commonly designated by pure error) for each response variable. Thus, 

it is possible to divide the residual variation of experiments into two portions, one which accounts 

for the unreliability of the response variables measurement (random or pure error), and another 

which accounts for all remaining variability that cannot be explained by the factors and interactions 

present in the model neither by random error (lack of fit). 
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Table 3 - Design matrix for the optimization of the cytokine cocktail, and cube representation of the 
design used in the present studies: SCF, Flt-3L, TPO were tested either at 0 ng mL-1 (low level, -1) or 
100 mL-1 (high level, +1), respectively. Mid level (0) = 50 ng mL-1. 

Runs SCF FLT-3L TPO 

11 0 -1 0 
2 -1 -1 +1 

12 0 +1 0 
14 0 0 +1 
4 -1 +1 +1 

16 (C) 0 0 0 
13 0 0 -1 
6 +1 -1 +1 
7 +1 +1 -1 

17 (C) 0 0 0 
15 (C) 0 0 0 

8 +1 +1 +1 
1 -1 -1 -1 
5 +1 -1 -1 
9 -1 0 0 
3 -1 +1 -1 

10 +1 0 0 
 

One can obtain a second order model by fitting the experimental data to Equation 3, generating 

Equation 4. 

Equation 4 

y = β1(X1)+β2(X2)+β3(X3) + β1,2(X1,2)+β1,3(X1,3)+β2,3(X2,3) + β1,1(X1)2 + β2,2(X2)2 + β3,3(X3)2 + e 

where y is the response measured (i.e. in this case fold increase in TNC, CD34+ cells, BFU-E, 

CFU-GM, CFU-Mix), βi the regression coefficients corresponding to the main effects, βi,j the 

coefficients for the second order interactions and βi,i the quadratic coefficients.  To determine the 

regression coefficients, a sequential backward elimination procedure was followed, where the 

least significant terms (p > 0.05) of the Equation 4, in each step, were eliminated and absorbed 

into the error.  
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V.2. No Stroma model 

A pool of UCB HSC (two donors, 3 x 104 cells.mL-1) was cultured on StemSpan for 7 days, using 

the cytokine cocktails presented in Table 4. At the end of the culture, the results were as 

presented in Table 5. 

Table 4 – Results for each response variable in the no stroma model, after 7 days in culture measured 
as fold increase in: Total nucleated cells (TNC), CD34+, BFU-E, CFU-GM and CFU-mix. 

Runs FI TNC FI CD34+ FI BFU-E FI CFU-GM FI CFU-Mix 

11 31.2 35.0 27.0 59.5 60.7 
2 9.1 35.3 9.9 13.8 16.4 

12 34.0 42.4 40.3 28.8 38.6 
14 35.6 43.0 22.8 44.0 61.6 
4 15.4 35.9 18.8 20.5 21.2 

16 (C) 32.7 26.2 80.2 2.6 40.4 
13 5.6 49.6 1.2 1.7 1.7 
6 26.9 29.8 20.2 26.9 38.1 
7 6.7 37.9 1.0 12.9 6.3 

17 (C) 36.6 42.1 23.7 62.4 57.7 
15 (C) 31.7 41.8 49.7 12.7 29.1 

8 47.0 36.8 89.7 38.7 53.8 
1 0.7 84.1 0.04 0.5 0.11 
5 2.4 51.8 3.36 2.4 2.8 
9 14.0 43.9 35.79 11.7 24.3 
3 1.77 50.1 1.60 1.8 2.9 

10 43.3 47.8 39.28 67.2 72.6 
 

Using a Pareto chart of the effects, one can determine the magnitude and the importance of a 

given factor on the process outputs. The chart displays the absolute value of the effects and draws 

a reference line on the chart according to the p-value selected, which is this case was p=0.05. 

Any effect that extends beyond this reference line is potentially important. As presented on Figure 

29, only the TNC response variable returned at least one statistically significant effect.  
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Following the sequential backward elimination procedure for the FI TNC variable, the three least 

significant terms were eliminated pooled into the error, and a new Pareto chart was plotted 

(Figure 30). Although FLT3-L linear effect and SCF quadratic effect terms being below the drawn 

line, their p-values were close enough to 0.05 to be considered important. In fact, the model had 

R2 value of 0,94, which means that this specific model fits well to the experimental data, as 

indicated by the non-significance of the Lack of Fit test (Figure 30). 

 

Figure 30 – Adjusted Pareto Chart (left) and ANOVA table (right) for FI TNC response variable. No stroma model 

Figure 29 – Pareto chart of effects for SCF (1), FLT3-L 
(2) and TPO (3) factors, within each response variable: 
TOP: FI Total nucleated cells (TNC), FI CD34+; Middle: 
FI BFU-E, FI CFU-GM and Bottom: FI CFU-mix. Linear 
effects denoted as (L), and quadratic effects as (Q). P-
value = 0.05. No stroma model 
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Additionally, it is necessary to confirm whether there is a trend or systematic variations when 

analysing residual variation, or if it only possesses random variation. As shown in Figure 31, data 

is normally distributed, indicating that whatever this model cannot predict is most likely random 

variation following a normal distribution. 

Fitted response surface plots were used with the purpose of interpreting the model. Two factors 

are plotted against each other, and generate a graph of the polynomial predictions from the 

function obtained from fitting the regression coefficients (Figure 32) to Equation 4. 

 

As shown in Figure 33, the optimal cytokine concentration to maximize TNC FI, was around   70-

90 ng/mL for TPO and 80-120 ng/mL for SCF. However, this was only accomplished due to the 

presence of the Quadratic Effect for SCF in the model (p value = 0.06). Otherwise, the maximum 

concentration for SCF would be predicted to be out of the range of the model (Figure 33). 

  

Regress. Coeff

Mean/Interc. -4,36694

(1)SCF (ng.mL-1)(L) 0,29517

SCF (ng.mL-1)(Q) -0,00231

(2)FLT3-L (ng.mL-1)(L) 0,06914

(3)TPO (ng.mL-1)(L) 0,68017

TPO (ng.mL-1)(Q) -0,00553

1L by 3L 0,00214

Figure 31 – Normal probability plot of residuals, for the FI 
TNC response variable of no stroma model 

 

Figure 32 – Regression coefficients for the FI TNC 
response variable of no stroma model. 
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Similarly, FLT3-L maximum concentration was out of the range on this model. Lack of significance 

of the quadratic term (Figure 29) means that the maximum concentration tested also maximizes 

the expansion of hematopoietic stem/progenitor cells. SCF and TPO maitained the same 

maximum values when plotted against FLT3-L (Figure 34). 

  

Figure 33 - Fitted response surface plot for SCF and TPO with (left) or without (Right) the quadratic effect for SCF, 
for the no stroma model  

Figure 34 - Fitted response surface plot for FLT3-l and TPO (left) and SCF and Flt3-L (Right) for the no stroma model 
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V.3. Stroma model 

 

The same pool of UCB HSC used in the no stroma model (3 x 104 cells.mL-1) was cultured on top 

of a confluent pool of BM MSC-derived stromal feeder layer, for 7 days on StemSpan, using the 

cytokine cocktails presented in Table 2, according to a two-level Face Centered Cube Design. At 

the end of the culture, the results were as presented in Table 7. 

Table 6 - Results for each response variable in the no stroma model, after 7 days in culture measured 
as fold increase in: Total nucleated cells (TNC), CD34+, BFU-E, CFU-GM and CFU-mix. 

Runs FI TNC FI CD34+ FI BFU-E FI CFU-GM FI CFU-Mix 

11 46.2 17.3 35.1 49.1 71.4 
2 12.3 10.0 24.4 12.7 15.1 
12 55.6 29.6 53.5 49.8 66.3 
14 62.7 36.4 59.2 78.3 79.2 
4 25.3 15.2 8.4 25.1 32.4 
16 (C) 55.3 30.7 118.9 40.9 68.9 
13 32.4 19.7 20.4 21.0 27.9 
6 50.2 25.4 54.9 56.5 81.9 
7 52.7 27.7 55.6 36.2 100.7 
17 (C) 36.7 14.8 52.3 30.2 29.6 
15 (C) 54.4 22.4 78.6 31.2 48.7 
8 66.0 27.6 77.0 59.8 106.5 
1 0.9 0.8 0.1 0.3 1.2 
5 11.8 5.7 8.9 9.0 17.2 
9 25.1 9.9 20.9 27.7 38.8 
3 4.7 2.2 1.3 6.0 5.8 
10 66.2 26.0 58.9 81.4 101.1 

 

Of notice, the 17th run, which consists in one of the replicated center points, had a less than 

expected fold increase in total nucleated cells, when compared with the other runs and center 

points (Table 7). Expectedly, because replicated center points measure the unreliability of the 

measurement response variables, having the 17th run inserted into the model resulted in absence 

of statistical significance for all but one factor (Figure 35). This indicates that differences in the 

process outputs were a result of random variability and not due to the influence of different factor 

concentrations. Additionally, in a similar fashion to the no stroma model in VI.3 (Figure 29), only 

the FI TNC response output retrieved at least one statistically significant effect for the stroma 

model. Thus, a second analysis was performed, without the 17th run. Expectedly, this improved 

the statistical significance of the model (Figure 35), with all but two factors being significant, for 

the FI TNC response variable.  
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Although the interaction effects of SCF by TPO (1Lby3L), and FLT3-L by TPO (2Lby3L) were 

below the drawn line, their p-values were close enough to 0.05 to be considered important. In 

fact, the model had R2 value of 0,97, which means that this specific model fits well to the 

experimental data, as indicated by the non-significance of the Lack of Fit test (Figure 36). 

Additionally, it necessary to confirm whether there is a trend or systematic variations when 

analysing residual variation, or if it only possesses random variation. As shown in Figure 37, data 

SS df MS F p

(1)SCF (ng.mL-1)(L) 3188,209 1 3188,209 8070,153 0,007086

SCF (ng.mL-1)(Q) 370,121 1 370,121 936,869 0,020792

(2)FLT3-L (ng.mL-1)(L) 685,216 1 685,216 1734,453 0,015283

FLT3-L (ng.mL-1)(Q) 115,762 1 115,762 293,022 0,037148

(3)TPO (ng.mL-1)(L) 1302,135 1 1302,135 3296,028 0,011088

TPO (ng.mL-1)(Q) 261,519 1 261,519 661,971 0,024731

1L by 2L 198,890 1 198,890 503,441 0,028354

1L by 3L 48,347 1 48,347 122,379 0,057392

2L by 3L 31,557 1 31,557 79,879 0,070935

Lack of Fit 243,511 5 48,702 123,278 0,068268

Pure Error 0,395 1 0,395

Total SS 7680,203 15

Figure 35 – Pareto chart of effects for the FI TNC response variable. Before (left) and After (right) adjustment. 
Stroma model. 

Figure 37 – Normal probability plot of residuals, for the FI 
TNC response variable for the stroma model. Stroma model 

Figure 36 – ANOVA table for the FI TNC response variable after 
adjustment, for the stroma model. Stroma model 
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is normally distributed, indicated that whatever this model cannot predict is most likely random 

variation following a normal distribution 

Fitted response surface plots were used with the purpose of interpreting the model. Two factors 

are plotted against each other, and generate a graph of the polynomial predictions from the 

function obtained from fitting the regression coefficients (Figure 38) to Equation 4. 

As shown in Figure 39, the predicted optimal cytokine concentration to maximize TNC FI, was 

around 80-110 ng/mL for both SCF and FLT3-L (TPO fixed at 80 ng.mL-1).  

Taking that into account, SCF and TPO were plotted against each other with different fixed values 

of FLT3-L, either 50 ng/mL or 100 ng/mL (Figure 40). At 50 ng/mL, TPO optimal values ranged 

from 55 to 110 ng/mL, and SCF from 70 to 120 ng/mL (Figure 40). Consistently with the optimum 

values calculated for FLT3-L, the higher FLT3-L concentration enables to pinpoint the maximum 

value of SCF and TPO more accurately. Thus, when fixing FLT3-L concentration to 100 ng/mL, 

TPO was predicted to range from 70 to 90 ng/mL, and SCF from 90 to 110 ng/mL. 

Regress. Coeff

Mean/Interc. -3,88113

(1)SCF (ng.mL-1)(L) 0,68217

SCF (ng.mL-1)(Q) -0,00474

(2)FLT3-L (ng.mL-1)(L) 0,37061

FLT3-L (ng.mL-1)(Q) -0,00265

(3)TPO (ng.mL-1)(L) 0,61717

TPO (ng.mL-1)(Q) -0,00398

1L by 2L 0,00199

1L by 3L 0,00098

2L by 3L -0,00079

Figure 38 – Regression coefficients for the FI TNC response variable for the stroma model. 

Figure 39 - Fitted response surface plot for SCF and Flt3-L 
for the stroma model 
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Similarly, when plotting FLT3-L against TPO, SCF was fixed at 100 ng/mL. Hence, FLT3-L optimal 

concentration was predicted to range from 80 to 110 ng/mL once again, as well as TPO, with a 

predicted range of 70-90 ng/mL (Figure 41). 

 

 

 

 

 

 

 

Figure 40 - Fitted response surface plot for SCF and TPO, with FLT3-L fixed at 50ng.mL (left) or at 100 ng.mL (right) 
for the stroma model 

Figure 41 - Fitted response surface plot for FLT3-l and TPO 
for the stroma model 
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V.4. Discussion 

Several ex vivo culture systems have been used with different rates of success by testing different 

cytokine cocktails in stroma-containing or stroma-free cultures with serum or serum-free 

conditions (Table 1). Indeed, many cytokine combinations tested include SCF, Flt-3L and TPO, 

which are presumed to promote extensive cell self-renewal and to limit levels of apoptosis.2,3 

Previously at SCBL, a cytokine cocktail was successfully optimized for the ex vivo expansion of 

UCB HSC in a serum-free culture system using human BM MSC-derived feeder layers, 

supplemented with SCF, Flt-3, TPO, using an experimental design approach.118  In the present 

study, an attempt was made to optimize the concentration of these factors in StemSpan SFEM II, 

either in the presence or not of a stromal feeder layer, through a two-level face-centred cube 

design (FC-CD) of experiments. Both stroma and no stroma models only retrieved significant 

values for the FI TNC response variable (Figure 29 and 36). Regarding the optimal cytokine 

concentrations predicted by the fitted response surface plots to maximize FI TNC response 

variable, TPO had a straightforward analysis, with a predicted concentration of 70-90 ng.mL-1 for 

both models. Of notice, on the previous study in QBSF-60, this cytokine had been predicted to 

have its optimum value outside of the range tested at the time by our group, as the maximum 

concentration tested (50 ng.mL-1) also maximized the expansion.118  On the other hand, SCF 

optimal concentration is not independent of the presence of stroma, expectedly, since SCF is 

known to be secreted by MSCs.45  Expectedly, SCF optimal value for FI TNC maximization for 

the no stroma model had an higher optimum values (Figure 33, 80-120ng.mL-1) than for the 

stroma model (Figure 39, 90-110 ng.mL.-1). Similarly, the stroma model was predicted to have 

lower optimum concentrations of FLT3-L (Figure 41) than the no stroma model (Figure 34). In 

fact, for the no stroma model, since FLT3-L had a positive main effect (in the absence of a 

significant second order term), the maximum concentration tested also maximizes the expansion 

of cells in culture, raising the question wether the optimum value for this cytokine should be 

located outside of the range tested. Altogether, to capture the optimum cytokine concentrations 

to maximixe the fold increase in TNC, both models seem to need a readjustment in the maximum 

levels of the factors being tested, since SCF and FLT3-L were either predicted to be located near 

(Figure 33, 39, 41) or beyond (Figure 34) the maximum concentrations tested, for the FI TNC 

response variable. Concerning the remaining response variables, which were all non-significant, 

the model assumed that differences in the process outputs were a result of random variability and 

not due to the influence of different factor concentrations. Replicates of the experiments (i.e. more 

biological samples) should be done to gather more information until obtaining statistically 

significant values. Additionally, it would be interesting to analyse CD34+CD38–CD90+CD45RA– 

surface markers to analyse HSC expansion.  Each new measurement should be taken under 

consistent experimental conditions, but replicates will be done in different days. To account for 

this, one must introduce data into the model as blocks, which are categorical variables that explain 

variation in the response variable not caused by the factors, but due to incidental differences 

between days. This would minimize bias and variance of the error because of nuisance factors.180 

After accounting for these drawbacks and obtaining statistically significant data, one can begin to 



48 
 

validate the results, by testing the new cytokine cocktails against our previous cocktail (Z9) and 

compare the obtained the results with the predicted values. 

VI. Conclusions and Future Trends 
 

Since their identification, HSC have been the focus of intensive research, and have proven to be 

invaluable and lifesaving in the treatment of hematologic malignancies. Cord blood 

transplantation as a source of stem cells has the potential to fill the gap of a growing population 

of patients who do not have a fully matched donor but need allogeneic hematopoietic stem cell 

transplantation. For that, advances must be made on the ex-vivo expansion of these cells, as to 

allow for adults to receive this type of transplants.  

Results of traditional methods of UCB ex-vivo expansion solely using cytokines were 

disappointing. On the other hand, expanding UCB HSCs in co-culture with MSCs led to an 

increase in graft content and improved engraftment, highlighting the importance of optimizing the 

cocktail cytokines in the presence of stroma. However, MSCs are still today retrospectively 

isolated from primary human BM samples based on their high adherence to plastic. This leads to 

highly heterogeneous populations, which leads to reproducibility issues if one wants to translate 

the HSC/MSC into clinical practice. This heterogeneity of the MSC population can be one of the 

causes compromising the maintenance of the most primitive HSC with long-term multilineage 

engraftment capacity. To address this issue, future studies should rely on specific surface marker 

selection of MSC populations181. Furthermore, alternative MSCs sources such as AT and UCM 

are still to be studied on their capability to expand UCB cells effectively and improve engraftment 

in in vivo studies. Other methods use HSC-differentiation blockers, such as nicotinamide 

analogues, copper chelators, inducing constitutive Notch signalling, or an aryl hydrocarbon 

receptor antagonist (StemReginin1).119 Many of these methods lead to substantial expansions of 

total nucleated cells and CD34+ cells, and significantly improved time to neutrophil or platelet 

engraftment in patients transplanted with the expanded products, when compared to the 

recipients of unmanipulated UCB transplantation.119 Thus, it would be of great interest to combine 

some of the aforementioned approaches, and perform in vivo transplantation assays, which can 

undoubtedly demonstrate the cells ability to repopulate all blood lineages, constituting the ultimate 

proof of HSC activity.76 On that topic, an efficient approach to enhance engraftment focuses on 

increasing the homing capacity of UCB cells to the bone marrow, trough modulation of membrane 

lipid rafts, modulation of homing molecules, enhancing metabolic response to homing stimuli, or 

bioavailability enhancement of chemotractants.182 Finally, after weighing all options, performing 

these approaches in a bioreactor culture system should be taken into account, as to surpass cell 

productivity limitations and limited monitoring typical of static cell culture. 
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VII. Supplementary Figures 

 

 Timepoint   UCM (No Inact) UCM SS UCM (48h) 

Pre-Inact 
Viab (%) 94% 

TNC 3,33E+04 

D0 
Viab (%) 76% 

TNC 2,44E+04 

HPL (24H) 
Viab (%) 

 

88% 

TNC 3,92E+04 

HPL (48H) 
Viab (%) 83% 

TNC 4,89E+04 

D1 
Viab (%) 87% 84% 85% 

TNC 8,33E+04 2,89E+04 3,78E+04 

D2 
Viab (%) 89% 90% 87% 

TNC 1,96E+05 2,89E+04 2,78E+04 

D3 
Viab (%) 91% 78% 75% 

TNC 2,64E+05 2,78E+04 2,28E+04 

D4 
Viab (%) 

 
89% 90% 

TNC 6,89E+04 4,22E+04 

D5 
Viab (%) 87% 87% 89% 

TNC 3,46E+05 3,78E+04 1,89E+04 

D6 
Viab (%) 80% 87% 86% 

TNC 1,87E+05 2,61E+04 2,80E+04 

D7 
Viab (%) 73% 90% 80% 

TNC 1,81E+05 3,22E+04 2,44E+04 
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